Children's obesity is a growing problem in Western societies. We hypothesized that morbid obesity (body mass index [BMI] > 99.5th percentile) might affect microvascular function at an early stage. Therefore, we assessed the microvascular function of 41 obese children (13.2 ± 2.8 years, BMI 32.9 ± 6.6) in comparison to 91 healthy controls (12.7 ± 2.1 years, BMI 18.2 ± 2.5) by post-occlusive reactive hyperemia measured by a laser Doppler: baseline perfusion, biological zero (defined as 'no-flow' laser Doppler signal during suprasystolic occlusion), peak perfusion (following occlusion), time to peak perfusion and recovery time (time until resuming baseline perfusion) were recorded and compared between both groups. Peak perfusion was higher in children with morbid obesity than in controls (1.67 ± 0.76 AU [arbitrary units] vs 1.26 ± 0.5 AU, p < 0.001). Consecutively, recovery time was longer in children with morbid obesity (118.21 ± 34.64 seconds) than in healthy children (83.18 ± 35.08 seconds, p < 0.001). In conclusion, higher peak perfusion and prolonged recovery time in children with morbid obesity seem to reflect microvascular dysfunction due to an impaired vasoconstrictive ability of precapillary sphincters.
Introduction
Obesity is an increasing problem in the western world. 1, 2 This problem affects adults and involves children even more. The National Health and Nutrition Examination Surveys showed that the prevalence of being overweight has increased from 11% to 17% among adolescents aged 12 to 19 years within the last 20 years. 3 Concomitantly, in children, morbid obesity (MO) is found more frequently. 1, 2 Although atherosclerotic lesions are rarely seen in children, among the list of several vascular risk factors, obesity might have a major impact on the development of endothelial dysfunction and subsequent atherosclerosis. [4] [5] [6] [7] [8] [9] [10] [11] [12] Macrocirculation and endothelial function are commonly assessed by measuring the intima-media thickness and flow-mediated dilation using duplex sonography. 13 In previous studies, an increased carotid intima-media thickness as well as an impaired arterial distensibility have been observed in obese children. 14, 15 In contrast, microcirculation can be examined by laser Doppler fluxmetry. 16, 17 Aiming to assess microvascular function, laser Doppler fluxmetry is often combined with iontophoresis or provocation maneuvers such as post-occlusive reactive hyperemia (PORH). 18, 19 PORH reflects the ability of microvascular vasoconstriction. For that purpose, tracings obtained during PORH can be analyzed according to the following parameters: baseline perfusion, biological zero, time to peak perfusion, peak perfusion and recovery time. Previous investigations showed an alteration of peak perfusion and recovery time in patients with advanced atherosclerosis compared to healthy controls. 20 Furthermore, in the presence of diabetes, even ahead of clinically manifested atherosclerosis, microvascular dysfunction reflected by reduced vasoconstrictive ability during PORH was observed. 21, 22 However, regarding the effect of obesity on microcirculatory function inconsistent results were obtained in former studies. 23, 24 Therefore, we hypothesized that microcirculatory function might be impaired in children with MO. Aiming to reveal early signs of microcirculatory dysfunction, we investigated PORH in children with MO and in healthy controls.
Materials and methods

Study design
The study was performed according to the recommendations of the Declaration of Helsinki and the protocol was approved by the local ethical committee (EK 211/2006; GS4-EK-4/052/2008). Informed assent was obtained from all children and written informed consent was obtained from their parents. To prevent any pharmacological interference with microvascular function, none of the included children in either group was taking any regular medication.
Between January 2006 and August 2006, 41 consecutive children with MO (a body mass index [BMI] > 99.5th percentile for age and sex) were examined at our laboratory. [25] [26] [27] Ninety-one pupils of an Austrian secondary grammar school served as healthy controls. The control group had to be free of any documented cardiovascular risk factors, such as diabetes (past medical history and fasting glucose levels lower that 110 mg/dl), cardiovascular disease or other severe comorbidities. Furthermore, a BMI between the 10th and 90th percentile was mandatory. 28 Additionally, normal blood lipid levels were required in healthy controls, defined as low-density lipoprotein (LDL)-cholesterol lower than 130 mg/dl, high-density lipoprotein (HDL)-cholesterol above 35 mg/dl and triglycerides lower than 150 mg/dl. 29, 30 To exclude any possible interference by hypertension, blood pressure was determined in all children of both groups before inclusion. Hypertensive or pre-hypertensive children were not included in either group.
Patients' characteristics are given in Table 1 .
Laboratory and clinical data
Blood pressure was measured once on both arms with appropriate cuffs (most commonly a cuff size of 14 × 24 cm) following a resting period of 20 minutes in a supine position. In MO patients, fasting blood samples were drawn from an antecubital vein after overnight fasting. Routine blood tests comprising serum lipids (total cholesterol, triglycerides, LDL-cholesterol and HDL-cholesterol) were obtained at a specialized lipoprotein laboratory. In healthy controls, fasting blood lipids were assessed from whole blood obtained by a finger prick using the Cholestech LDX System (Cholestech Corporation, Hayward, CA, USA). This device uses enzymatic solid-phase technology to measure total cholesterol, HDL-cholesterol, triglycerides and glucose levels.
Laser Doppler
Vasoconstrictive ability in microcirculation was investigated by means of PORH measured with a laser Doppler.
A laser Doppler is a non-invasive medical device that is able to assess total skin perfusion at a single point. After transmission through skin the laser beam (wavelength: 632 nm, power: 1 mW) becomes Doppler shifted by inference with moving blood cells. The Doppler shifted and reflected signal is picked up by a photo detector. There the beam is processed and mixed to form a photocurrent. The photocurrent scales linearly with tissue perfusion, which is defined as the product of average speed and concentration of blood cells.
In the present study, a Laser Doppler Perfusion Imager (previously Lisca Development AB, now Perimed, Järfälla, Sweden) was used. 31 For measurement of a single site, the duplex mode was used. 16 The output signal was displayed in the form of a time-perfusion diagram on a computer monitor. The site of measurement was a predefined area at the first interspatium of the dorsum of the hand. All children were investigated in a quiet room at a constant room temperature following a 12-hour fasting period. Before measurements subjects were adapted in a supine position for 20 minutes and a sphygmomanometer cuff was placed around the upper arm above the antecubital area.
Post-occlusive reactive hyperemia (PORH)
First, baseline perfusion was determined from the laser Doppler signal under resting conditions by calculating the mean perfusion over a time span of 3 minutes. Then arterial occlusion was obtained by suprasystolic cuff inflation (10 mmHg above systolic blood pressure) for 3 minutes, provoking biological zero. Biological zero is defined as a 'no-flow' laser Doppler signal that can be detected during proximal, suprasystolic occlusion and is usually higher than zero. Both baseline perfusion and biological zero were determined as mean perfusion values over the predefined time period and were given in arbitrary units [AU] . Thereafter, hyperemic perfusion was acquired by sudden cuff deflation resulting in an increase of perfusion provoking vasoconstriction in precapillary sphincters. Peak perfusion and the time from cuff deflation to peak perfusion (seconds) were determined. Peak perfusion and time to peak are known to be dependent on the vasoconstrictive ability in microcirculation. Furthermore, recovery time (i.e. the time until mean baseline perfusion was attained for the first time) was measured (seconds). Finally, we determined absolute baseline perfusion and absolute peak perfusion, which were obtained by subtracting biological zero from baseline perfusion and peak perfusion, respectively. All perfusion values as well as the measured time spans were determined using device-related software (LDPIwin 2 for Windows).
For determination of reproducibility, we investigated 10 healthy subjects on 3 consecutive days and thereby found a mean intrasubject coefficient of variation of 15.7 %.
Statistical analysis
Absolute and relative frequencies are given for categorical variables, number of observations; mean and standard deviation are given for continuous variables in the text. Pearson correlation coefficients were calculated for continuous variables. Univariate logistic regression analyses on the target variable MO were calculated for the variables age, sex, baseline perfusion, biological zero, time to absolute peak, perfusion absolute peak, and recovery time. The probability of a case was modelled and p-values are reported. All significant variables were further calculated in a stepwise, multiple model. Furthermore, we performed a stepwise multiple logistic regression on the outcome considering the flow markers and the additional factors sex, diastolic blood pressure, LDL-cholesterol and body height. Correlations of BMI values and the respective parameters of microcirculation were calculated by utilizing the method of Spearman.
Analyses were performed using SAS 9.1 and R 2.8. All p-values < 0.05 were considered to indicate statistical significance.
Results
Assessing microvascular function by PORH using a laser Doppler we found relevant differences between children with MO and healthy controls: peak perfusion was significantly higher in children with MO (1.67 ± 0.76 AU) as compared to healthy controls (1.26 ± 0.5 AU, p < 0.001) ( Figure 1A) . Consecutively, recovery time was longer in children with MO (118.21 ± 34.64 seconds) than in healthy controls (83.18 ± 35.08 seconds, p < 0.001) ( Figure 1B) .
Baseline perfusion tended to be higher in children with MO compared to healthy controls (0.42 ± 0.19 vs 0.38 ± 0.15 AU, p = 0.23). Regarding time to peak perfusion, we found no significant difference between both groups (MO children: 12.65 ± 8.68 seconds, healthy controls: 18.18 ± 17.79 seconds; p = 0.08). Biological zero was lower in children with MO (0.12 ± 0.04 AU) than in healthy ones (0.18 ± 0.05 AU, p < 0.001) ( Figure 1C) . After subtracting biological zero from baseline perfusion the resulting absolute baseline perfusion was higher in children with MO than in controls (0.30 ± 0.18 vs 0.21 ± 0.13, p = 0.003). Further, after subtraction of biological zero from peak perfusion the resulting absolute peak perfusion was higher in obese children in comparison to controls (1.56 ± 0.75 vs 1.08 ± 0.49, p < 0.001).
We performed a multiple analysis just considering parameters of microcirculation: The stepwise multiple analysis gave significant results (p < 0.001 each) for the following three univariate variables: biological zero, peak perfusion and recovery time. In stepwise multiple logistic regression on the outcome, the significant flow markers and the additional factors sex, diastolic blood pressure, LDL-cholesterol and body height were considered. The two flow markers biological zero (p < 0.001) and peak perfusion (p < 0.002), as well as LDL-cholesterol (p < 0.001) and body height (p < 0.001) entered the model. Regarding the stepwise multiple logistic regression, recovery time showed a borderline significance (p = 0.06) and did not enter the model. Therefore, after adjusting for the influencing factors LDL-cholesterol and body height, the two flow markers biological zero and peak perfusion were still significantly different between children with MO and healthy controls.
Finally, we investigated the correlations between absolute BMI values and parameters of microcirculation that were significantly impaired in obese children. Thereby, we found no significant correlation between BMI values and biological zero (Spearman rho -0.01, p = 0.96), perfusion absolute peak (Spearman rho 0.14, p = 0.39) and recovery time (Spearman rho -0.26, p = 0.12), respectively.
Discussion
In the present study, we showed that microvascular function is different between children with MO and lean controls. More precisely: peak perfusion is higher and recovery time is prolonged.
The higher peak perfusion during hyperemia and the prolonged recovery time in children with MO can be interpreted as signs of impaired vasoconstriction following ischemia. As a possible explanation, PORH might be divided into three phases, emphasizing vasoconstriction as a decisive mechanism. In the initial phase, ischemia, induced by suprasystolic occlusion, leads to vasodilation as a result of acidosis, low oxygen and high carbon dioxide concentrations. In the second phase, immediately after cuff release, peak perfusion can be observed. Owing to blood rheology, the Fåhraeus-Lindqvist effect and the large cumulative diameter of capillaries, precapillary vasoconstriction might rather lead to a decrease instead of an increase of blood flow velocity. 19, 32 Therefore, precapillary vasoconstriction, which is induced by endothelium-dependent myogenic response, seems to attenuate the initial increase of perfusion to counterbalance capillary hyperperfusion. Finally, during the third phase (recovery time), the microcirculation regenerates again to its homeostasis. This third phase might be triggered by various mediators such as nitric oxide, prostanoids and adenosine, and correlates with the level of peak perfusion. [33] [34] [35] [36] Our results are consistent with prior investigations reporting an impaired myogenic vasoconstriction in the microcirculation of diabetic patients undergoing PORH measured by laser Doppler fluxmetry. 21, 22 Both a thickened arterial wall structure and endothelial dysfunction have been made responsible for this decline in microvascular functionality. Furthermore, microvascular dysfunction, as described in obese adults, was attributed to various mechanisms. Such mechanisms are the well-known risk factors of atherosclerosis such as insulin resistance, hypertension or dyslipidemia. Moreover, the production of adipokines and pro-inflammatory cytokines induce oxidative stress that finally leads to endothelial dysfunction. 37 Beside higher peak perfusion and a longer recovery time, biological zero, defined as a no-flow laser Doppler signal, was found to be lower in obese than in lean children. The origin of biological zero is unknown, but five possible sources have been discussed. These sources may be collateral circulation through bones, fluid and cellular movement within the interstitial space, movements within vessels unrelated to flow (e.g. red cell sedimentation), Brownian motion of interstitial macromolecules and/or residual vasomotion. 38 In earlier studies, biological zero was found to be independent of the position of the investigated extremity and room temperature, but altered in hyperemic conditions or edema. [39] [40] [41] [42] However, in all children included in the study neither hyperemia nor edema was present. Therefore, the cause of the statistical difference in biological zero between children with MO and healthy controls remains unclear and may likely be a confounder.
In investigating an association of absolute BMI values with biological zero, peak perfusion and recovery time we found no correlation, which can most likely be attributed to the narrow range of BMI (> 99.5th percentile) within the MO group.
Nevertheless, we have to acknowledge several limitations of the present study. According to the baseline data, diastolic blood pressure was higher in healthy controls than in obese children. This might be partly explained by a white-coat-effect, which should be less likely in children with MO, who are used to a clinical setting. Anyway, blood pressure measurements were obtained under standardized conditions following a resting period of 20 minutes using appropriate cuff-sizes in both groups. However, the higher levels of blood pressure in controls were within the normal range and remained without clinical relevance because none of them was diagnosed with arterial hypertension. Nevertheless, we performed a stepwise multiple logistic regression on the outcome and found no significant confounding of diastolic blood pressure.
Furthermore, the assessment of blood lipids was done by capillary blood tests in controls, while in the MO group venous blood samples were used. We had to choose these different techniques because of logistic reasons. Although all blood samples were taken and analyzed by trained experienced investigators following a standardized operating procedure, we cannot exclude a residual confounding in this respect.
Finally, we are aware that sex hormones might have an impact on vascular function. However, we did not assess Tanner's puberty scale, nor was the menstrual cycle of enrolled girls included in our analysis. Especially in healthy controls, the respective examinations might have brought up severe concerns by volunteering children and parents. Aiming to minimize a possible bias by differences in pubertal development, we therefore strictly compared agematched groups.
In conclusion, we were able to show that microvascular function seems to be impaired in children with MO when compared to healthy ones, which might be attributed to an impaired vasoconstrictive ability in the microcirculation. This might be interpreted as an early sign of an emerging endothelial dysfunction. Laser Doppler fluxmetry appears to be an easily applicable technique to assess the microcirculation. Therefore, further studies should be performed to investigate early microvascular damage by metabolic disorders and to further elucidate the physiological pathway during PORH.
